Corresponding editor: Zoe Finkel Heterocyst frequencies in Baltic Sea Aphanizomenon sp. were similar along a strong nutrient gradient from the discharge point of a sewage treatment plant at the head of the Himmerfjärden bay to the open sea. Filaments lacked heterocysts in winter and for over a month after the spring bloom had depleted combined nitrogen in the surface layer. Heterocyst-free filaments in spring contained granulate structures that decreased in abundance simultaneously as colony nitrogen content decreased, but d 15 N remained unchanged, indicative of storage of fixed nitrogen in overwintering Aphanizomenon sp. filaments. Heterocyst formation was initiated when water temperature was sufficient to form a shallow seasonal pycnocline that allowed filaments to be exposed to enough light to initiate growth and a subsequent intracellular shortage of nitrogen. During the growth season, heterocyst frequency varied significantly with maximum values in early summer (May), lower values in mid-August that coincided with maximum temperatures and an increase in late summer. Heterocyst frequencies decreased with increased temperatures, suggesting a more efficiently functioning nitrogenase enzyme. Based on data from three seasons, filament C:P ratios did not correlate with heterocyst frequencies, neither did reduced heterocyst frequencies coincide with high dissolved inorganic nitrogen concentrations. Increased heterocyst frequencies, however, resulted in decreased C:N ratios, probably as more heterocysts likely increase nitrogen fixation.
heterocystous, diazotrophic cyanobacteria Aphanizomenon sp. and Nodularia spumigena are estimated to support 30 -90% of the summer pelagic net primary production in the BSP (Larsson et al., 2001) , with Aphanizomenon sp. generally dominant in terms of biomass (Walve and Larsson, 2010) . Due to their ability to fix nitrogen, these organisms are believed to have a competitive advantage at the low water N:P ratios after the spring bloom (Granéli et al., 1990) . The highest C:P ratios in Aphanizomenon sp. were found at its biomass peak (Larsson et al., 2001) , supporting the idea that diazotrophic cyanobacteria in the BSP are phosphorus (P) limited (Granéli et al., 1990) . Harmful cyanobacterial blooms ("cyanoHABs") are on the rise globally (Paerl et al., 2011) , as suggested also for the BSP (Poutanen and Nikkila, 2001) .
The heterocysts (¼heterocytes) are thick walled, terminally differentiated cells found in cyanobacteria of the orders Nostocales and Stigonematales (Rippka et al., 1979) . They contain the nitrogenase enzyme and are the site of nitrogen fixation, are semi-regularly spaced along the filaments (Flores and Herrero, 2010) and generally comprise 5 -10% of the filament cells (Wolk, 1996) . They lack the oxygen-evolving photosystem II complex, thus preventing irreversible inhibition of nitrogenase by free oxygen (Reinman and Thornber, 1979; Fay, 1992) . The products of photosynthesis and nitrogen fixation are thought to be exchanged between heterocysts and vegetative cells via microplasmodesmata (Wolk, 1982) or in a periplasm (Flores et al., 2006) .
Heterocyst development is a complex process involving a large set of genes within a developmental program (Adams and Duggan, 1999; Zhang et al., 2006; MuroPastor and Hess, 2012) . The proheterocyst lacks the thickened wall of the mature heterocyst and the differentiation process may be aborted (Adams and Duggan, 1999) . In the laboratory at room temperature, functional heterocysts can differentiate within 24 h of nitrogen depletion, but abortion of this process is possible only during the first 9 -12 h (Muro-Pastor and Hess, 2012) . To create a regular heterocyst pattern, each heterocyst inhibits the differentiation of neighboring vegetative cells, possibly by nitrogenous compounds diffusing down the trichome (Wolk et al., 1967; Wolk and Quine, 1975) .
Studies on model systems such as Nostoc punctiforme ATCC 29133, Anabaena sp. PCC 7120 (formerly Nostoc muscorum) and Anabaena variabilis suggest that heterocyst differentiation is down-regulated in the presence of combined nitrogen (Adams and Duggan, 1999) . Still, Vintila and El-Shehawy (Vintila and El-Shehawy, 2007) found that the BSP strain (AV1) of N. spumigena continued to differentiate heterocysts in the presence of ammonium, despite a drastic reduction in nitrogen fixation activity. Variations in the response to added nitrogen species have also been observed within a genus (Fogg, 1949; Bottomley et al., 1979; Vintila and El-Shehawy, 2007) . Therefore, and because experimental conditions are artificial, direct extrapolations from laboratory studies with model organisms to natural conditions or other species, such as Aphanizomenon sp., remain uncertain.
Aphanizomenon sp. is present in the BSP all year, although with low biomass in winter (Wasmund, 1997; Laamanen et al., 2005) , but heterocysts are found only in the summer (Laamanen et al., 2005) . It has been assumed that the spring bloom depletion of dissolved inorganic nitrogen (DIN) triggers heterocyst formation in Aphanizomenon sp. (Laamanen et al., 2005) . However, the role of other factors, such as day length and temperature, in heterocyst differentiation in this species remains unclear. In a modeling study, Hense and Beckmann (Hense and Beckmann, 2006) assumed that a combination of high energy availability and low cell nitrogen was needed to initiate heterocyst formation, but their model was based on data from mainly Anabaena spp. Phosphorus additions have been suggested to increase heterocyst frequency in Baltic Aphanizomenon sp. in summer and during severe P-limitation (Lindahl et al., 1980) . Still, our knowledge of heterocyst development in Baltic Aphanizomenon is fragmentary.
We have used horizontal nutrient gradients to analyze the effects of external nutrients on heterocyst frequencies in Aphanizomenon sp. The gradients were sustained by discharges from a sewage treatment plant (STP) in the inner parts of the Himmerfjärden bay ( Fig. 1) , during a whole ecosystem experiment on the effects of nitrogen loads on a coastal area. We used synchronized biweekly physical and chemical measurements and heterocyst counts made during 1998 -2011 in the Swedish national marine monitoring program (stations BY31 and B1 in Fig. 1 ) and in the STP environmental monitoring program (H2 -H5 in Fig. 1 ). The STP removes a high proportion of its load of P ( 97%) and N ( 85%), except when nitrogen removal was reduced or discontinued to perform whole bay experiments for periods up to nearly 2 years. Over the summers 2007 -2009, we collected additional filamentous diazotrophic cyanobacteria by biweekly net hauls along the nutrient gradient.
M E T H O D The sampling site
Sampling was conducted in the greater Himmerfjärden area (Fig. 1) , a north-to-south extended bay system, situated 40 km SSW of Stockholm (58.57N, 17.43E ) (Engqvist, 1996; Elmgren and Larsson, 1997) . The mean salinity was 5.9 with a mean difference of 0.5 between the most saline station, BY31, and the least saline, H5. Minimum salinity was 4.8 (16 July 2010, H5) and maximum 6.9 (20 May 2008, BY31).
Water exchange is driven mainly by variations in sea level and density in the Baltic Sea and by the freshwater discharge, generating an estuarine circulation (Engqvist, 1996) . The STP in the inner part of the bay (Fig. 1) creates a nutrient and isotopic gradient (d 15 N) toward the open sea (Hansson et al., 1997; . For experimental purposes, the fluidized-bed nitrogen removal in the STP, in use since mid-1997, was turned off part of spring/early summer in 2001-2002 and 2005 -2006 2007 -2009 ). Sampling was carried out at 9:30, 10:30, 11:30 and 12:30 h, respectively. We also used a 14-year data set (1998 -2011) (Fig. 1) , collected by the Swedish national marine monitoring program (BY31 and B1) and the STP environmental monitoring program (H2-H5) (Data set 1998 (Data set -2011 ).
Water chemistry
Biweekly depth profiles [every 5 m above 30 m depth and below every 10 m to bottom (25 -50 m) or to the top of the halocline (only station BY31)] of nutrient concentrations. Given here are mean concentrations 0 -10 m unless otherwise stated. Total nitrogen (TN) and phosphorus (TP) include inorganic, organic and particulate forms and were simultaneously digested according to a modified Koroleff (Koroleff, 1983) procedure, starting with high and ending with low pH. TN, TP and dissolved inorganic phosphate (DIP: PO 4 ) and nitrogen (DIN: ammonium, nitrite, nitrate) were analyzed using the same basic methods adjusted to various instruments. The detection limits were 0.02 mM for NO 3 þ NO 2 , 0.03 mM for NH 4 and 0.016 mM for PO 4 . Water temperature was measured in situ using a CTD-probe.
Determination of biomass
A 0-14 m integrated sample for determination of biomass was collected at stations H2 -H5 and a 0 -20 m sample at B1 and BY31, by lowering a hose (inner Ø 2.5 cm) with a weight attached to the lower end. A 200 mL subsample was preserved with 0.8 mL acetic Lugol's iodine solution. Abundances were determined according to HELCOM (2007) guidelines. Single cell and colonial phytoplankton larger than 2 mm were counted with an inverted microscope (Wild M40 at 150Â magnification). Cell numbers were multiplied with species-specific mean cell volumes (Olenina et al., 2006) , assuming a density of 1 g mL
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. Aphanizomenon sp. was the dominant cyanobacterium in the bay during the study period.
Heterocyst counts
Data set 2007 -2009 : Cyanobacteria were collected at stations B1, H2, H3 and H4 ( Fig. 1 ) during the summers 2007-2009 by repeatedly hauling a 90 mm mesh net (1 m long, Ø 0.5 m) vertically from 10 m depth to the surface. They were preserved in acidic Lugol's iodine solution and heterocyst frequency per millimeter filament was counted on at least 10 mm of filaments, using a Leica DMIRB inverted microscope, with counting accuracy checked with duplicate counts. Data set 1998 -2011 : Cyanobacteria were collected at stations BY31, B1, H2, H3, H4 and H5 from 1998 to 2011 with a 14 m (at BY31 and B1 20 m) long tube (inner Ø 2.5 cm) and preserved as above. Heterocyst frequency per millimeter of filament was determined simultaneously as biomass counts on the full bottom of a 10 -50 mL settling chamber. Filaments were counted as 100 mm units.
Elemental composition
Hand-picked cyanobacteria were placed in tin capsules (SÄ NTIS analysis) for carbon (C) and nitrogen (N) analysis and on small acid-washed glass plates for phosphorus (P) analysis, then dried at 608C for 3 days (Walve and Larsson, 2007) . C and N were analyzed on a Leco CHNS-932 analyzer, P on an ALPKEM O. I. Analytical Flow Solution IV, # 319528, modified for our purposes, edition 990121 (5008C combustion and persulphate digestion).
Isotope analysis
Seston and cyanobacterial d 15 N were determined on a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (IRMS) (Sercon Ltd, Cheshire, UK) at the UC DAVIS Stable Isotope Facility. The reference material was atmospheric nitrogen and the per mil difference in isotopic composition (d) between the samples and this reference was calculated according to Peterson and Fry (Peterson and Fry, 1987) (Minagawa and Wada, 1984; Macko et al., 1987) . Sewage nitrogen is enriched in 15 N due to denitrification and/or anammox with d 15 N reaching þ8 to þ20 Kendall, 2014 (Wood, 2003) . df is degrees of freedom, n is the number of samples and edf is the estimated df for each model parameter. Backward stepwise elimination was used to select the most parsimonious model based on Akaike's information criterion (AIC ) (Burnham and Anderson, 2004; Zuur et al., 2009 ). The models were regarded as equally good in explaining the data when AIC differed with ,3 units (Burnham and Anderson, 2004) . In such cases, the least complex model was selected. Thin plate regression splines were used to fit the data. To avoid overfitting, the number of knots (k) were set to 4. Gamma was set to 1.4 to inflate model df for AIC model selection. Collinearity was detected by visual inspection using boxplots as well as variance inflation factor (VIF) analysis and the Pearson product moment correlation coefficients (PCC). VIF . 3 as well as 20.4 . PCC . 0.4 were considered collinear (Zuur et al., 2009) . Data set 1998 -2011 was investigated for a possibly inflated variability in heterocyst frequency in cases of small biovolumes counts by plotting heterocyst frequency against biomass. The resulting regression gradient was ,0.01 for all stations and r 2 ,0.01 (P ¼ n.s.) in all cases but H2 and H5 (r 2 , 0.1, P , 0.01). Hence, all heterocyst frequencies except zero values were included in the analyses. The assumptions of independence, homoscedasticity and normality were all met unless otherwise stated. The Kruskal -Wallis test was used as a non-parametric alternative to analysis of variance (ANOVA). ggplot2 (Wickham, 2009 ) and plyr (Wickham, 2011) packages in R were used for graphics. The 0.05 confidence level was used for all analyses.
R E S U LT S Patterns of summer heterocyst frequencies
The STP discharge, land run off and outflow from Lake Mälaren (Fig. 1) Fig. 2 ; Kruskal-Wallis' test: x 2 ¼ 423.1, df ¼ 6, P , 0.0001; non-parametric post hoc test). Nonetheless, due to the formation of a seasonal pycnocline and high turnover of inorganic N, DIN concentrations are often close to the detection limit of around 0.03 mM during summer (Fig. 2) . Therefore TN is considered a better proxy for recycled bioavailable N. The same is valid for DIP in relation to TP since the median DIP concentrations are as low as 0.05 mM in summer. The high seasonal median DIP concentrations observed in 2003 -2005, 2007 and 2011 at the outer stations are due to early season events only.
Despite the strong gradients in TN and TP, we found no heterocyst frequency gradient along the bay, other than a higher heterocyst frequency at H2 compared with the other stations [ Fig. 2 ; F (6, 753) ¼ 4.02, P , 0.001, Tukey's HSD post hoc test (Weeks 19-39)]. Moreover, at H5, the station with the greatest impact from the STP, heterocyst frequencies did not significantly differ between the years with full and no N removal, despite almost four times higher median DIN concentrations (0.667 compared with 0.171 mM) in years without N removal. 2011 was the only year that was significantly different and had significantly higher heterocyst frequency than in 1999, 2002 and 2006, with a median DIN concentration of 0.257 mM (ANOVA: F 13,88 ¼ 2.74, P , 0.01; Tukey's HSD post hoc test).
The heterocyst frequency showed a similar seasonal pattern at all stations, with peak values early in the season, a minimum, in or around Week 33, followed by a slight increase in early autumn [ Fig. 3 ; GAM (see the Method section): F (edf ¼ 2.8) ¼ 52.6, n ¼ 813, P , 0.0001 (Weeks 19-39)] and a strong decrease in late autumn. The minimum is less apparent at station H6, but the confidence bands indicate a larger uncertainty at H6 than at the other stations. This is likely due to the low cyanobacterial biomass at this station (see the Method section and heterocyst counts for Data set 1998 -2011 ). The heterocyst frequency minimum in mid-summer coincided with low d 15 N values, followed by rapid 15 N-enrichment in the next few weeks (Zakrisson et al., 2014) . We found no heterocysts on the winter filaments (from October/ November until April/May).
To investigate the effect of internal colony nutrient status on heterocyst frequencies, a generalized additive model (see the Method section) was constructed (Data set 2007 -2009 ). The starting model contained heterocyst frequency as the response variable and colony C:P and C:N, as well as water temperature, as independent variables (Table I) . The most parsimonious model included only temperature and the C:N ratio as significant main effects (Table I) , and could be simplified to a linear model (based on AIC). There was a significant negative correlation with temperature, but the decreasing C:N ratios with increasing heterocyst frequencies indicate a reversed causality than what was used in the model ( Fig. 4 ; Table I ). In addition, we found a significant and equally strong positive correlation between colony N content (%) and heterocyst frequency (linear regression: R 2 ¼ 0.23, F 66,1 ¼ 18.83, P , 0.0001). Also, colony N was similar at the beginning and the end of the season (Fig. 5) . To further analyze the effect of temperature on heterocyst frequency, we first constructed a generalized additive model on the 14 years long Data set 1998 -2011 , which lack filament element data, and could simplify this model to a linear regression model based on AIC (Fig. 6 , Table I ). We only analyzed data that were collected at temperatures .108C, due to the strong collinearity between DIP and temperature at the beginning and end of the season (see the Method section). DIP was at times close to the detection limit of 0.016 mM at this time of H5 and H6, 1998 H5 and H6, -2011 H5 and H6, (Data set 1998 H5 and H6, -2011 ) with 95% confidence intervals, fitted using a thin plate regression spline function (see the Method section). The starting models were generalized additive models (GAM). Het is heterocyst frequency, CN and CP are the colony C:N and C:P ratios, respectively, and temp is the temperature. See Figs. 4 and 5 and the Method section. (Table I) . Stations B1, H2, H3 and H4 in 2007 H2, H3 and H4 in -2009 H2, H3 and H4 in (Data set 2007 H2, H3 and H4 in -2009 ). Table I ). The shaded area are the 95% confidence intervals for the slope of the line (Data set 1998 -2011 and at temperatures 8C).
summer and is a suboptimal measure of available P due to the extremely fast turnover of deep water upwelled pulses of DIP (Fig. 2) .
Spring heterocyst formation
Following the spring bloom, inorganic nitrogen was depleted (to ,0.25 mM DIN in the top 25 m of the water mass) (Fig. 7) (Fig. 7) . Hence, there was no correlation between the dates of inorganic nitrogen depletion and first heterocyst appearance. In addition, heterocysts were never found below a mean water temperature (0 -10 m) of 58C, and 90% of the observations were from water temperatures above 98C, with the median temperature at the first observation of 128C and the maximum 178C. A water temperature around 108C generally coincides with a rapid increase in water column stability (data not shown).
The median date of appearance of the first heterocysts indicated a generally simultaneous appearance at all stations. The first appearance may however be somewhat uncertain since the sampling and counting method used for Data set 1998 -2011 gives a lower probability of heterocyst detection when filaments are few. We therefore compared heterocyst frequencies in Data set 1998 -2011 and Data set 2007 -2009 Heterocyst frequency is generally high (Data set 1998 -2011 and Data set 2007 -2009 ) already when they first appear and there was only one observation each at stations BY31 and B1 in early May with ,1 heterocyst per millimeter filament. When heterocysts were found in late May, frequencies averaged between 2.6 and 3.7 per millimeter filament, with no significant differences among the six stations (ANOVA).
Aphanizomenon sp. found in winter displayed structural differences compared with those found in late spring or summer and contained round vacuole/granule structures that remained fairly constant in late March/early April [6.4 -6.6 granules (mm fil) (Zakrisson et al., 2014) . The filaments were heterocyst-free and the seasonal pycnocline had yet not formed at the end of April.
Patterns in colony nutrients and stable isotope ratios
As the first heterocysts appeared, d 15 N in filaments continued to be light (Zakrisson et al., 2014) , and colony C:N was relatively low (6.2 + 0.3 mol mol 21 ) (Fig. 5) , indicating that the cells were nitrogen replete. Over the summer, C:N did not differ significantly between stations (ANOVA), despite the higher availability of combined nitrogen at the inner stations. Colony phosphorus began to decrease as soon as the population of Aphanizomenon sp. started to grow, with the highest C:P ratios at the peak biomass (Fig. 5 ). The internal P storage was normally already exhausted by late June, and remained so into autumn (Fig. 5) . When the seasonal pycnocline (data not shown) weakened at the end of August/beginning of September, the colony C:P ratio decreased as phosphorus-rich deep water was mixed into the surface layer (Fig. 5 ). There were no significant differences between the station colony C:P ratios (ANOVA). 
D I S C U S S I O N Summer heterocyst differentiation
In many cyanobacteria species, the availability of combined nitrogen decreases heterocyst frequency, but the strength of the responses vary immensely as well as being dependent on the nitrogen species (Fogg, 1949; Bottomley et al., 1979; Sato and Wada, 1996) . For example, Anabaena CA (ATCC 33047) responds differently to the addition of NO 3 2 and NH 4 þ . KNO 3 or NH 4 NO 3 completely inhibited proheterocyst-and heterocyst development, whereas cultures grown on NH 4 þ and dinitrogen as the only nitrogen sources developed 65% of the heterocyst frequency found in cultures with dinitrogen as the sole nitrogen source (Bottomley et al., 1979) . Fresh water Aphanizomenon issatschenkoi formed heterocysts even at 3.6 mM DIN (Moustaka-Gouni et al., 2010) . Our results indicate that the heterocyst frequency in natural populations of Baltic Sea Aphanizomenon sp., which is the dominant filamentous cyanobacterium in this region, is not regulated in response to combined nitrogen concentrations. We did not find decreased heterocyst frequencies at the inner bay stations, despite significantly higher concentrations of TN and DIN (NO 3 22 þNO 2 2 and NH 4 þ ). Due to the rapid uptake of combined nitrogen in spring in the nitrogenlimited Himmerfjärden bay, DIN is mostly below or close to the detection limit in summer and may consequently be an unreliable estimate of available nitrogen. An exception to this is station H5 in the years when the STP N removal was experimentally discontinued and DIN concentrations remained high throughout the summer (effluent DIN consisted of 70-90% NO 3
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). Despite this, heterocyst frequencies were not lower at this station during these experimental years compared with the years with full N removal, which had 75% lower median DIN concentrations. TN is generally a better proxy for bioavailable N, since regenerated nitrogen is the major source of ammonium in summer due to the increase in secondary consumers (Johansson et al., 2004) . Despite strong TN and TP gradients along the bay, differences in heterocyst frequencies were only found at station H2, which had a slightly higher heterocyst frequency than the other stations. This suggests that TN and TP do not have a direct effect on Aphanizomenon sp. heterocyst frequency. The reason for the higher heterocyst frequencies at H2 is unresolved.
The negative correlation between colony C:N and heterocyst frequency could indicate that more heterocysts tend to decrease colony C:N simply because more heterocysts fix more nitrogen, as also indicated by the positive correlation to N cell content. As heterocysts are terminally differentiated cells, the reduction in heterocyst frequencies can only be due to dilution of growth by vegetative cells or loss of heterocysts by microbial infection such as chytridiomycosis (Gerphagnon et al., 2013) . Since the highest and lowest heterocyst frequencies are found early and late (Weeks 31-33) in the season when colony filament N content are similar, it seems unlikely that cell N significantly affects the heterocyst frequency.
The lack of correlation between colony C:P ratios in the Himmerfjärden bay and heterocyst frequencies is contrary to the negative effect of decreased colony P-content on heterocyst frequencies at station BY31 observed by Walve and Larsson (Walve and Larsson, 2007) . Since temperature and colony C:P ratios co-varied, Walve and Larsson (Walve and Larsson, 2007 ) may have observed a spurious effect of cell P-content. Their seasonal range in heterocyst frequencies at BY31 was very similar to ours, with the lowest frequencies coinciding with the highest temperatures and C:P ratios.
It is not possible to separate the effects of temperature and DIP on heterocyst frequencies at the beginning and end of summer. This is due to the strong collinearity as temperature increases simultaneously as the pool of DIP is consumed during the spring bloom, and in autumn due to the erosion of the seasonal pycnocline, resulting in an upward transport of nutrient-rich deep water. Collinearity was however low at temperatures .108C, which includes most of the mid-season data when the seasonal pycnocline is stable. During this period, the mixed layer (0 -10 m) has DIP concentrations close to the detection limit at all stations, making TP a better proxy for phosphorus availability, but we found no correlation between TP and heterocyst frequency. Heterocyst frequency reached a minimum as temperature reached a maximum (around Weeks 31-33). This could be an indication that the nitrogenase enzyme functions more efficiently at higher temperatures, which lowers the need for "expensive" heterocysts. Compaore and Stal (Compaore and Stal, 2010) showed that nitrogenase activity (mmol C 2 H 4 mg 21 Chl a h
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) increased with increasing temperature (at light saturation and different oxygen concentrations) in the heterocystous cyanobacteria Anabaena variabilis ATCC29413 and Nostoc sp. PCC7120. As we have previously shown for 2000-2001 and 2007-2009, d 15 N remains unchanged from the beginning of the summer to Weeks 31-33, indicating continuing nitrogen fixation (Zakrisson et al., 2014; Höglander et al., in preparation) . This is indicative of a compensating effect on nitrogen fixation by temperature stimulation of the nitrogenase activity, as the lower heterocyst frequency also does not seem to affect colony C:N ratios or N filament content.
Initiation of heterocyst differentiation
In the laboratory, at room temperature and in the absence of combined nitrogen, heterocysts commonly differentiate in less than a day (Muro-Pastor and Hess, 2012), but it took over-wintering Aphanizomenon sp. filaments in the nitrogen (DIN) depleted water column a month or two to develop heterocysts. In spring, temperature is low and heterotrophs are few (Johansson et al., 1993) . Consequently, mineralization rates are low and the DIN standing stock is a reasonable proxy of bioavailable DIN. Differentiation did not occur until water temperature was 5-98C, and a pycnocline was established. Clearly, water DIN depletion is not the only signal regulating differentiation of heterocysts in spring. Laamanen et al. (Laamanen et al., 2005) reported a delay of heterocyst formation of only 1 week following depletion of combined nitrogen. However, from their Fig. 1 , it seems that the depletion of nitrogen occurred late, almost coinciding with the late spring increase in water temperature. A stabilization of the water column will decrease the mixing depth and increase light availability, suggested by Stal and Walsby (Stal and Walsby, 2000) to be the prime driver of blooms. Thus, it seems likely that temperature and light in concert will initiate growth, leading to an intracellular nitrogen deficiency that starts heterocyst differentiation.
Since heterocysts are considered to be unable to regress to ordinary vegetative cells, their loss should be through dilution by slow growth since heterocysts are found at least into December. Such growth will require nitrogen, either from active nitrogen fixation (Minagawa and Wada, 1984; Macko et al., 1987) Zakrisson et al., 2014) . Stal (Stal, 2009) argued that nitrogen fixation by non-heterocystous cyanobacteria will not be possible at low temperatures, due to high oxygen solubility and low respiration, making it impossible to maintain anoxic conditions in the diastrophic cells. We propose that the granules observed are cyanophycin storage (Van Den Hoek et al., 1995) , since their frequency is severely depressed in the heterocyst-free filaments as spring progresses. These structures are virtually absent in heterocystous filaments in summer when the cells have no use for nitrogen storage. This would also explain the insensitivity of heterocyst differentiation to combined N as the internal N-stores determine when heterocyst differentiation is initiated in spring possibly in concert with external factors such as temperature and light.
